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3. Properties and Crystal structure of PC-glycols with different methylene 
unit length. 
 
3.1. Properties of PC- glycols 
   
Table 3.1 shows properties of PC-glycols synthesized in this study. PCD4002, 
PCD5002, PCD6002, PCD7002, PCD8002, PCD9002 and PCD10002 were in 






















4002 solid 3.961952 59.216 -46.1
5002 solid 3.771945 41.114 -49.0
6002 solid 2.391958 36.513 -55.6











   group 
Tg 
(°C) 
7002 1.591972 48.712 -62.4
8002 solid 1.391961 51.5 11 
9002 solid 1.361951 53.010
10002 solid 1.311997 58.39
Table 3.1. Basic properties of PC-glycols.  
solid
 22











2 4 6 8 10 12



















Figure 3.1. Effect of methylene unit length on Melt Viscosity. 
 
 
Melt viscosity of these PC-glycols at 80˚C increased with decreasing the 
number of the methylene unit (Figure 3.1). Decreasing of number of the 
methylene unit means the increasing of the carbonate content in the PC-glycol, 
and this increasing phenomenon of viscosity is due to the increasing of 
interaction between molecules caused by carbonate groups, which have strong 
dipole moment.  
Glass transition temperature (Tg) and melting temperature (Tm) of PC-glycols 
were evaluated with DSC measurement (Figure 3.2). Tg was increased with 
decreasing the number of the methylene unit due to increasing interaction of 
carbonate groups (Figure 3.3).  
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Additionally, carbonate-bonding structure is stable if the lone pair of carbonyl 
oxygen is located opposite side of the lone pair of ether bonding oxygen. It 
means atoms of carbonate bonding are located in the same plane. The plane of 
carbonate bonding cause limited mobility of the PC-glycol, and Tg values 
increase due to the low mobility of the molecular if carbonate content was 
increased.  
Melting temperature(Tm) of PC-glycols was shown in Figure 3.4. PCD6002 
had minimum temperature of the Tm. Upper methylen unit length six, increasing 
crystalinity (aria of heat absorption peak was getting larger) rose the Tm of 
PC-glycols. On the other hand, below methylen unit length six, the increasing of 
the carbonate content raised the Tm of PC-glycol. . However, PCD3002 was 
liquid at room temperature, and had no melting temperature. Melting peak of 
crystal was clearly observed for PCD4002 (59.2°C), PCD6002 (36.5°C), 
PCD7002 (48.7°C), PCD8002 (51.5°C), PCD9002 (53.0°C) and PCD10002 
(58.3°C). On the other hand, no melting peak of crystal was observed in case of 
PCD3002 and PCD5002. As discussed later, carbon unit length affected 
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In order to investigate the molecular aggregation structure of the PC-glycols, 
WAXD was carried out.  Figure 3.5 shows the WAXD profiles of PCD6002, 
PCD5002, PCD4002 and PCD3002. For PCD4002, PCD6002, PCD7002, 
PCD8002, PCD9002 and PCD10002, two main crystalline peaks were clearly 
observed. The position of these two peaks were 2θ=20.2° and 23.5°for 
PCD6002, and 2θ=21.0° and 21.3°for PCD4002. PCD5002 showed crystalline 
peaks, but intensity level of these peeks was weaker than those of PCD6002 or 
PCD4002. In contrast, no crystalline peak was observed for PCD3002.   
This result indicates that an odd number of the unit length of PC-glycols was 
more amorphous than an even number of the unit length of PC-glycols. This is 
discussed later with the results obtained by tensile testing of PUEs. 
  PCD9002 had the WAXD peaks of 21.52°(110) and 24.12°(200), and PCD 
10002 had the WAXD peaks of 21.40°(110) and 24.12°(200). PCD9002 and 
PCD10002 showed almost the same WAXD profile and it suggested the crystal 

































































3.2. Computer pattern fitting of WAXS and Structure Simulation of PC- 
glycols with different methylene unit length. 
 
Computer pattern fitting and structure simulation of crystallized PC-glycols 
were carried out. At first, molecular structural model was made using ‘MS 
Modeling Crystal builder’ software (Accelrys Software Inc.). Then, this model 
was imported to another software, ‘Reflex Powder Diffraction’ (Accelrys Software 
Inc.), and X-ray diffraction (WAXD) pattern was calculated. The WAXD pattern 
fitting results were feed backed, and crystal structural model was adjusted by 
manually to agree with the observed WAXD data. Final structure was 
determined if the calculated WAXS pattern was matched with actual examination 
WAXD data well.  
   
3.2.1. Computer structure simulation of PCD4002 
 Computer structure simulation of PCD4002 (methylene unit length is four) was 
investigated. Figure 3.6 is the computer pattern fitting of WAXD based on the 
molecular structure described in Figure 3.7. (Amorphous background was 
canceled) 
According to this structural model (Figure 3.7), carbonate group (shown in red 
color) was packed on the next carbonate with reverse direction. It is well known 
that carbonate bonding has three oxygen related lone-pear electrons, and has 
these lone-pear electrons have magnetic force (as shown in the below figure). It 
seems reverse packing of the carbonate bonding structure is the more stable 














 Conformation of the methylene carbon unit made trans structure and located 
planar zigzag structure along the ‘c’ axis. 
Unit cell is composed four-monomer unit, and this structure was similar to 
PCD6002 as explained later. PCD4002 also has the even number of metylene 
unit, and both PC-glycol has the same structure in the meaning of carbonate 
bonding direction. (After repeated two-monomer unit in the molecular, carbonate 
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Figure 3.7. Structural Model of PCD4002 determined with WAXD  
data simulation. 
 






The carbonate group was located close to that of the next molecule. This 
short distance of the carbonate group seemed to cause the strong crystal peaks 
of WAXD same as PC-glycol 6002. However, carbonate group was not located 









90 90 60 17.165.448.411.13 4002 
γ[°]β[°]α[°] c [Å]b [Å]a [Å]Density [g/cm3] PC-glycol 
*1 Z: number of the monomer unit in the 1 unit cell.
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the short methylene unit length, and the short metylene unit cannot make 
enough space for stable position of carbonate group, and molecular is twisted as 
described in Figure 3.7.    
 
3.2.2. Computer structuresimulation of PCD5002 
 Computer structure simulation of PCD5002 (methylene unit length is five) was 
investigated in the same manner of PCD4002. Figure 3.8 is the computer pattern 
fitting of WAXD (Amorphous background was canceled) based on the molecular 
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Figure 3.9. Structural Model of PCD5002 determined with WAXD 
data simulation. 
 













92.590 90 9.404.997.911.17 5002 
γ β α[°] c [Å]b [Å]a [Å]Density[g/cm3] PC-glycol 
*1 Z: number of the monomer unit in the 1 unit cell.
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Main peeks of the simulated WAXD PCD5002 were well fitted in the actual 
examination data. However, some small peaks were not simulated. In case of 
PCD5002, WAXD peaks were weaker than those of PCD4002, and crystal 
structure seams to be not uniform. Some irregularity of the crystal structure 
affected this result. 
  Unit crystal cell was composed two molecular unit of PC-glycol. This was due 
to the odd methylene unit number. (In case of PCD5002, carbonate group 
direction is same direction because of the odd methylene unit number.) On the 
other hand, in case of PCD4002, unit cell was composed of four monomer units, 
because carbonate group direction was reversed due to the even methylene unit 
length. (In case of PCD4002, after repeated two-monomer unit in the molecular, 
carbonate group becomes same direction.)    
 Carbonate bonding was located not next to the carbonate bonding of the next 
molecular. This structural model explained the reason of weak crystal peaks of 
PCD5002.  
  Unit-cell size detail is determined. One unit cell is composed with 
two-monomer unit, and size of the unit cell is estimated as described in the  
Table 3.3.  (a=7.91Å,b=4.99Å,c=9.40Å) 
 
3.2.3. Computer structure simulation of PCD6002 
Computer structure simulation of PCD6002 was carried out (methylene unit 
length is six). The WAXD pattern fitting results are shown in Figure 3.10. Two 
main peaks and one weak peek were simulated with structure model described 
in Figure 3.11. The peaks of 011, 110, 200 planes were well fitted between 
observed (red line) and calculated (blue line) values.   
Unit-cell size detail is determined. One unit cell is composed with 
four-monomer unit, and size of the unit cell is estimated as described in the  
Table 3.4.  (a=7.55Å,b=6.15 Å,c=22.5 Å) 
Carbonate group is arranged parallel, then PC-glycol molecule also arranged 
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parallel through ‘c’ axis direction, and this structure was similar to PCD4002. 
Regarding the difference of the structure between PCD6002 and PCD4002, in 
case of PCD6002, methylene unit molecule is well elongated because of the 
longer chain, which has enough length to arrange the carbonate group. 
The angle of ‘c’ and ‘d’ axis was 60°. This angle is well related to the 
theoretical angle of C-C carbon bounding angle. As a result, unit cell angle of the 
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Figure 3.11. Structural Model of PCD6002 determined with 
WAXD data simulation. 
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3.2.4. Computer structure simulation of PCD7002 
 Computer structure simulation of PCD7002 (methylene unit length is seven) 
was investigated in the same manner of PCD4002. Figure 3.12 is the computer 
pattern fitting of WAXD based on the molecular structure described in Figure 
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Figure 3.13. Structural Model of PCD7002 determined with 
WAXD data simulation. 
 
Table 3.5. Estimated crystal unit cell structure of PCD7002. 
PC-glycol density[g/cm3] Z*1 a [Å] b [Å] c [Å] α[°] β [°] γ [°]
7002 1.01 2 7.33 5.67 12.51 85 92 90 







  Unit crystal cell was composed two molecular unit of PC-glycol. This result 
was the same as PCD5002, due to the odd methylene unit number. Direction of 
the carbonate group is same along the molecule, so minimum repeats unit 
structure is composed of one monomer unit.     
  Carbonate group was not located next to the carbonate group of the next 
molecule, and inter-molecular forces seems to be weaker than those of PCD 
6002. This result was similar to the result of PCD5002.      
On the other hand, molecular chain was arranged parallel. This result was 
similar to the result of PCD6002. In case of longer methylene chain (above 
seven), hydrogen bonding of methylene chains seems to be getting stronger 
than the dipole moment affinity of the carbonate bonding. As a result, molecular 
is arranged by dominating hydrogen bonding force of the methylene unit, and 
make parallel arrangement structure like polyethylene.   
  Unit-cell size detail is determined. One unit cell is composed with 
two-monomer unit, and size of the unit cell is estimated as described in the  
Table 3.5.  (a=7.33Å,b=5.67Å,c=12.51Å) 
 
3.2.5 Computer structure simulation of PCD8002 
Computer structure simulation of PCD8002 was carried out (methylene unit 
length is eight). The WAXD pattern fitting result is described in Figure 3.14. 
(Amorphous background was canceled) Two main peaks and two weak peeks 
were simulated with structure model described in Figure 3.15. The peaks of 102, 
103, 110 and 200 planes were well fitted between observed (red line) and 
calculated (blue line).   
Unit-cell size detail is determined. One unit cell is composed with 
four-monomer unit, and size of the unit cell is estimated as described in the  
Table 3.6. (a=7.70Å,b=6.35 Å,C=28.36 Å) 
  Simulated conformation of the PCD8002 was quite similar to those of 
PCD6002. Carbonate group was located parallel with carbonate group, which 
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was bonded to the next molecular chain. Distance between the carbonate 
groups of next molecular chain was close to each other. This indicates strong 
affinity of the carbonate bonding. Ad-joining molecular chain were located on a 
parallel position with each other same as PCD6002.  
The angle of ‘c’ and ‘d’ axis was 60°. This angle is well related to the 
theoretical angle of C-C carbon bounding angle. As the results, unit cell angle of 
the PC-glycol is 60°, 90° and 90°. These angles were same as those of 
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Figure 3.15. Structural Model of PCD8002 determined with 




Table 3.6. Estimated crystal unit cell structure of PCD8002. 
PC-glycol Density[g/cm3] z*1 a [Å] b [Å] C [Å] α[°] β [°] γ [°]
8002 0.95 4 7.70 6.35 28.36 60 90 90 








3.2.6. Computer structure simulation of PCD9002 
Computer structure simulation of PCD9002 was carried out (methylene unit 
length is nine). The WAXD pattern fitting results are described in Figure 3.16. 
(Amorphous background was canceled). Two main peaks were simulated with 
structural model described in Figure 3.17. The peaks of 110 and 200 planes 

















Black: difference between Observed and Calculated 
     [Software] 
       MS Modeling Crystal builder,  
       Reflex Powder Diffraction / Accelrys Software Inc. 
 

























Figure 3.17. Structural Model of PCD9002 determined with 
WAXD data simulation. 
 
Table 3.7. Estimated crystal unit cell structure of PCD9002. 
PC-glycol density[g/cm3] Z*1 a [Å] B [Å] C [Å] α[°] β [°] γ [°]
9002 1.10 2 7.38 4.98 15.24 90 90 90 









  WAXD peak pattern of the PCD9002 was different from other PC-glycols, and 
this WAXD profile is quite similar to those of polyethylene. (This similarity is 
discussed latter.)  Methylene unit number of PCD9002 was nine (odd number). 
However simulated conformation was completely different from PCD5002 or 
PCD7002. Distance between the carbonate groups of the next molecule chain 
was close to each other (while carbonate group position was one atom length 
sifted) and seems to have strong affinity of the carbonate bonding. So, WAXS 
peaks of the PCD9002 were stronger than those of PCD5002 or PCD7002. 
Segment of the methylene unit was packed in the manner of the trans 
conformation and fully extended planar zig-zag conformation along the “c” axis.  
This methylene unit structure was almost same as those of linear polyethylene. 
Linear polyethylene has the crystal cell with a=7.417Å, b=4.945Å, c=2.547 Å, 
and unit cell angle of the PC-glycol is 90°, 90° and 90°. [19] WAXD peaks of 
polyethylene are estimated 21.57°(110) and 23.97°(200) from the unit cell 
structure. PCD9002 had the WAXD peaks of 21.52°(110) and 24.12°(200), and 
this WAXD peak position was quite close to those of polyethylene. These results 
indicated that the methylene unit mainly determined conformation of PCD9002. 
Unit-cell size detail is determined. One unit cell is composed with two-monomer 
unit, and size of the unit cell is estimated as described in the Table 3.7. 
(a=7.38Å,b=4.98 Å,C=15.24 Å) 
 
3.2.7. Computer structure simulation of PCD10002 
Computer structure simulation of PCD10002 was carried out (methylene 
unit length is ten). The WAXD pattern fitting results are described in the Figure 
3.18. (Amorphous background was canceled). Two main peaks were simulated 
with structural model described in Figure 3.19. The peaks of 110 and 200 planes 
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Figure 3.19. Structural Model of PCD10002 determined with 
WAXD data simulation. 
 
Table 3.8. Estimated crystal unit cell structure of PCD10002. 
PC-glycol Density[g/cm3] Z*1 a [Å] b [Å] c [Å] α[°] β [°] γ [°]
10002 1.08 4 7.40 5.00 33.21 90 90 90 








   WAXD profile of PCD10002 was almost same as PCD9002. PCD10002 had 
the WAXD peaks of 21.40°(110) and 24.12°(200), and this WAXD peak position 
was quite close to those of polyethylene. (21.57°(110) and 23.97°(200)) 
Segment of the methylene unit was packed in the manner of the 
trans-conformation and fully extended planar zig-zag conformation along the “c” 
axis. This methylene unit structure was almost same as those of linear 
polyethylene, same as PC-glycol 9002. These results indicated that over nine 
methylene unit length, PC-glycol had the similar conformation due to the longer 
methylene unit.  
 
3.3 Conclusion 
Summery of the computer simulation results of crystal cell structure is 
shown in Table 3.9. PCD4002, PCD6002 and PCD8002 had similar crystal cell 
structure composed of four-monomer unit with cell angle of α=60°, β=90° and 
γ=90°. On the other hand, unit cell of PCD5002, PCD7002 and PCD9002 
composed of two-monomer unit due to the same direction of the carbonate 
group. These results indicate that differences of the even and odd number of 
methylene unit length affected the crystal structure of PC-glycol due to the 
arrangement of carbonate group direction.  
Figure 3.20 shows the calculated density of each PC-glycols. PCD5002 gave 
highest density. Up to eight methylene unit length, density deceased because of 
the decreasing of carbonate concentration. Carbonate bond has an affinity of 
magnetic force and higher carbonate concentration made strong inter-molecular 
affinity. Because of the higher inter-molecular affinity, PC-glycols, which had 
shorter methylene unit length, gave highly molecular packed structure in the 
relatively small space. In fact, structural model of PCD4002 and PCD5002 
indicated that methylene unit structure was twisted and not well extended. 
Especially, PCD5002 gave distorted unit cell of the crystal and angle of γ was 
92.5° (not 90°), and gave highest density value.  
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Table 3.9. Estimated crystal unit cell structure of PC-glycols. 
PC-glycol Density [g/cm3] z*1 a [Å] b [Å] c [Å] α[°] β [°] γ [°]
4002 1.13 4 8.41 5.44 17.16 60 90 90 
5002 1.17 2 7.91 4.99 9.40 90 90 92.5 
6002 1.06 4 7.55 6.15 22.5 60 90 90 
7002 1.01 2 7.33 5.67 12.51 85 92 90 
8002 0.95 4 7.70 6.35 28.36 60 90 90 
9002 1.10 2 7.38 4.98 15.24 90 90 90 
10002 1.08 4 7.40 5.00 33.21 90 90 90 

























*1 Z: number of the monomer unit in the 1 unit cell.
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Over nine methylene unit length, densities of the PC-glycol were increased 
again. These results are related to the structure of the crystal cell unit. Over nine 
methylene unit length, crystal structures were changed to the similar crystal 
structure of linear polyethylene. In this case, longer methylene unit dominate the 
crystal structure of PC- glycols due to the hydrogen bonding of increasing 
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       Fig 3.21. Calculated average distance of atom along the “c” axis of 




Figure 3.21 shows calculated average distance of the atom along the “c” axis 






 D = c / (number of atoms along c-axis) 
            (c: unit cell size of c-axis) 
     
              PCD4002 ;  D= 17.16/14 = 1.226 
              PCD5002 ;  D=   9.4/8 = 1.175 
            PCD6002 ;  D=  22.5/18 = 1.250  
              PCD7002 ;  D= 12.51/10 = 1.251 
              PCD8002 ;  D= 28.36/22 = 1.289 
              PCD9002 ;  D= 15.24/13 = 1.270 
              PCD10002 ;  D= 33.21/26 = 1.277 
             (Polyethylene ; D= 2.547/2  = 1.274 ) 
 
Average atom distances along the “c” axis of PC-glycols were increased 
with increasing of the methylene unit length. This was related to the carbonate 
concentration. Higher carbonate concentration (shorter methylene unit length) 
gave strong inter-molecular affinity and gave shorter average atom distance 
along the “c” axis.  
PC-glycols, which had odd methlene unit number length, show relatively 
smaller average atom distance along the “c” axis. Especially, PCD5002 gave the 
smallest value due to higher carbonate concentration.    
           Increasing of methylene unit length, average atom distances along the “c” 
axis were increased, and finally PCD9002 and PCD10002 came up to almost the 
same average atom distances of liner polyethylene. ( 1.274Å )    





Structure differences between PC-glycols with even methylene unit length and 
PC-glycols with odd methylene unit length seems to be affected by the bonding 
angle between carbonate group and methylene unit. Bonding angle between 
carbonate group and methylene unit is estimated 169° according to the bonding 
angle of “C-C-C” bonding angle of methylene unit (109°) and “C-O-C” bonding 
angle of carbonate group (120°), as descried below.   
 










As a result, aliphatic PC-glycol molecule has a bending point at the connection 
point of methylene unit and carbonate group. As discussed in the computer 
modeling of PC-glycols, in case of PC-glycol with even number, direction of 
carbonate group is located opposite direction of the next carbonate group in the 
same molecule chain. Direction of the carbonate group is located alternatively 
opposite direction and makes the stricture model as deceived below. This model 
explain almost linear macromolecule configuration due to the off-setting of the 




























  On the other hand, in case of PC-glycol with odd methylene unit length, 
carbonate group located same direction along the polymer chain. In this case, 
bending angle cannot be off-setting, and makes totally bending structure as 
deceived below. 






















  This structure model seems to be difficult to make the crystal structure due not 
to the linear structure, and well explains the weak WAXD crystal peaks (low 
crystallinity) of PCD5002 or no WAXD crystal peak of PCD3002. Longer 
methylene unit length gives better crystal structure, because longer methylene 
unit absorb the distortion of the molecule chain due to the flexibility of longer 
methylene chain.  
  In case of PC-glycol with even methylene unit length, it seems to be easy to 
make huge crystal structure because of the linearity of the molecule. The strong 
peaks of WAXD peaks of PCD4002, PCD6002 and PCD8002 support this 
hypothesis.  
PCD9002 and PCD10002 gave similar crystal structure of linier polyethylene, 
and simply the longer methylene chain explains these results, while bending 
structure is clearly observed in the Figure 3.19.     
 
 
 
 
